We use a first-principles discrete variational (DV)-X method to investigate the electronic structure of chromium aluminum oxynitride. When nitrogen is substituted for oxygen in the Cr-Al-O system, the N2p level appears in the energy range between O2p and Cr3d levels. Consequently, the valence band of chromium aluminum oxynitride becomes broader and the band gap becomes smaller than that of chromium aluminum oxide, which is consistent with the photoelectron spectra for the valence band using X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS). We expect that this valence band structure of chromium aluminum oxynitride will modify the transmittance slope which is a requirement for photomask application.
Introduction
A phase-shifting mask (PSM) is expected to enhance optical lithography in the very-large-scale-integrated/veryhigh-speed-integrated-circuit era. 1) PSM changes the phase of light to cause destructive interference at the edge with the original light. The use of PSM improves both resolution and depth of focus without significantly altering the existing exposure system. 2, 3) In order to achieve the resolution for deep-ultraviolet (DUV) lithography, appropriate transmittance and transmittance slopes at the energy of the light source are necessary in inspection and lithography processes. Chromium aluminum oxide has been proposed as a candidate material for PSM in DUV optical lithography, 4) but it is difficult to meet the requirements of a transmittance slope using chromium aluminum oxide. When nitrogen is substituted for oxygen in the Cr-Al-O system, its transmittance slope decreases, rendering it suitable for use in PSM applications.
Such optical properties are closely related to the electronic structure of the material. Accordingly, understanding the electronic structure of chromium aluminum oxynitride is important in developing the mask material. Jiang et al. 5, 6) calculated the band gap of chromium aluminum oxide theoretically by the discrete variational (DV)-X method with the cluster model of the crystalline phase. Kim et al. 7) investigated the optical band gap of chromium aluminum oxide using the experimental-calculation method and discussed the relationship between the optical and structural properties.
However, verification of the theoretical calculation through experimental spectroscopy was not carried out for the chromium aluminum oxide system. In the case of chromium aluminum oxynitride, the electronic structure has not yet been explicitly investigated. In addition, the correlation between optical properties and electronic structure, which is important in application of DUV lithography, has not been discussed.
In this study, we investigated the electronic structure of chromium aluminum oxide and oxynitride theoretically and experimentally. The electronic structure was calculated by a first-principles molecular orbital (MO) method and then compared with the experiments of X-ray photoelectron spectroscopy. From the crystallographic data, we determined the atomic structure of the crystalline phase. Then, the embedded cluster model within the framework of the DV-X method was employed to investigate the electronic structure of their optimized structures. Several model clusters of different atomic concentrations were chosen to simulate different atomic structures in the crystalline phase. Simulation was verified by comparing calculated partial density of states (PDOS) with the results of X-ray photoelectron spectroscopy.
Experimental

Sample preparation and characterization
Chromium aluminum oxide and oxynitride films were deposited using a planar circular-type DC magnetron reactive sputtering system with a disc-shaped 4-inch Cr-Al target.
4) The Ar, N 2 , and O 2 gas mixture was injected as a reaction gas into the chamber. The films were deposited under the conditions of substrate temperature of 573 K, power of 40 W and total chamber pressure of 4:7Â 10 À3 Torr. The target-to-substrate distance was fixed at 132.4 mm. Films were deposited on quartz and Si substrates simultaneously. Detailed conditions of film preparation have been described in ref. 4 .
The film composition was analyzed by a wavelength dispersive spectrometer (WDS). The X-ray photoemission spectra were measured by an ESCALAB MKII (VG Scientific) spectrometer. The excitation beams were Mg K radiation (h ¼ 1253:6 eV). The binding energy was calibrated with the C 1s peak at 284.6 eV resulted from adventitious hydrocarbon contaminant.
Computational details
All calculations were performed using a first-principles DV-X method, [8] [9] [10] which is widely applicable to molecules and solids. In this method, the Slater (X) exchange potential is given as 11)
where " ðrÞ is electron density of the cluster and is a constant. In our calculation, was fixed at 0.7, which was known to be reasonable for the calculation of transition metals. 10) In the SCAT code we used, the basis functions were numerical solutions for the atom-like potential. 12) In this study we use the embedded cluster model. The embedded cluster scheme permits a spatially localized expansion of electronic wavefunctions, densities, and derived properties by treating fragments of the extended systems. Aluminum oxide and chromium oxide are rhombohedral systems and they form a completely solid solution at full composition. It is reported 13) that lattice parameters of a solid solution change linearly with concentration. Therefore, we used the lattice parameters of a continuous series of solid solutions, listed in Table I , to calculate the electronic structure of the crystalline phase. From experimental data for the crystalline phase, we first built embedded clusters of various sizes and then checked the proper cluster size to reasonably describe the experimentally determined band gap. As a result, we selected the embedded cluster containing eight metal atoms (Cr or Al) and 33 oxygen atoms. Figure 1 shows the cluster used in the present work. We substituted nitrogen for oxygen in chromium aluminum oxide to investigate the valence band of chromium aluminum oxynitride. In our calculation, we neglected the structure relaxation because it was known that the structure relaxation effect on the electronic level distribution of the valence band in chromium aluminum oxide was negligible in the previous work by Jiang et al. when atoms were exchanged. 6) We expanded electronic wavefunctions by a linear combination of atomic orbital (LCAO)-like basis functions, and all calculations were performed with the SCAT code.
8)
Results and Discussion
XPS spectra for the chromium aluminum oxide are shown in Fig. 2 . Two important features have been observed in valence band spectra of chromium oxide. The first peak appears at around 1.5 eV and the second broad peak is observed in the energy range between 3 and 11 eV. The valence band of aluminum oxide shows one broad peak in the energy region of 2.5-12 eV.
We present the PDOS of chromium aluminum oxide calculated by the DV-X method in Fig. 3 . PDOS are obtained as the Gaussian functions of each orbital with a full-width at half maximum of 0.5 eV. The partially occupied Cr3d orbital is the highest occupied molecular orbital (HOMO) level and the valence band consists of the O2p orbital in the chromium oxide system, while the aluminum oxide system has a HOMO level of the O2p orbital and lowest unoccupied molecular orbital (LUMO) level of the Al3s orbital. The band gap of chromium oxide, difference between LUMO (Cr3d) and HOMO (O2p) levels, is about 4.96 eV, which is close to the experimental value (4.97 eV). Band gap is proportional to Al concentration. When the composition is similar to that of pure aluminum oxide, the band gap increases abruptly to the value for aluminum oxide (9.9 eV). Such an energy gap between HOMO and LUMO levels should play an important role in photon energy absorption.
As Fig. 4 shows, we superimposed the XPS spectra of the valence band on the corresponding PDOS calculated theoretically. For chromium oxide, the calculated spectra for Cr 8 O 33 cluster reproduce the separation of the two peaks observed experimentally from XPS well. The first peak is associated with the partially occupied Cr3d orbital and the second peak corresponds to the O2p orbital. Aluminum oxide shows only a broad O2p peak. We can find through the Mulliken population analysis that the main peak at the energy of 6 eV results mainly from the O2p atomic orbital of the nearest oxygen to the central metal atom and the sub peak around 10 eV is formed by O2p of a second-neighbor oxygen atom partially mixed with Al3s and Al3p. As we can see in Fig. 5 , the calculated PDOS agree well with the XPS spectra for the chromium aluminum oxide and oxynitride system. XPS spectra of chromium aluminum oxide and PDOS calculated for the Cr 4 Al 4 O 33 cluster show a mixed profile between chromium oxide and aluminum oxide. When aluminum oxide is added to chromium oxide, the intensity of the Cr3d orbital decreases and the portion of Al3s and Al3p orbitals, mixed in O2p orbital, increases. When nitrogen is substituted for oxygen in the Cr-Al-O system, the N2p level appears between O2p and Cr3d levels as shown in Fig. 5(b) . Consequently, the overall valence band of chromium aluminum oxynitride becomes broader than that of chromium aluminum oxide. We believe that this broadening of the valence band in chromium aluminum oxynitride influences the transmittance and transmittance slope. From the transmittance curve in Fig. 6 , we can assume that the transmittance slope of chromium aluminum oxynitride results from its broad valence band, in which the electron can be excited continuously by the incident beam energy, and an abrupt decrease of transmittance in chromium aluminum oxide relates to the transition of electrons from O2p to Cr3d level by specific energy over band gap energy (about 5 eV). Although it is not easy to correlate transmittance with electronic structure because transmittance also depends on the thickness, refractive index, and crystal structure, our calculations provide an understanding of the electronic structure of the chromium aluminum oxynitride system, which is closely related to the transmittance property.
Conclusions
PDOS, calculated by the DV-X method with the embedded cluster model, is consistent with photoelectron spectra in chromium aluminum oxide and chromium aluminum oxynitride systems. In the chromium aluminum oxide system, the valence band consists of O2p orbital which is the highest occupied molecular orbital (HOMO). The lowest unoccupied molecular orbital (LUMO) is partially unoccupied Cr3d. Band gap, defined as the difference between LUMO and HOMO levels, increases slowly from 4.01 to 6.09 eV with the concentration of aluminum oxide below 0.9 mole fraction. At a composition close to that of pure aluminum oxide, the band gap increases abruptly to the band gap of pure aluminum oxide ($10 eV). When nitrogen is substituted for oxygen in the Cr-Al-O system, the N2p level appears between O2p and Cr3d levels. Thus, the valence band of chromium aluminum oxynitride becomes broader and the band gap becomes smaller than that of chromium aluminum oxide. This N2p orbital is closely 
